In-plane magnetotransport properties of a EuFe 2 As 2 single crystal are investigated by angular-dependent magnetoresistance (MR) measurements. Strong anisotropy in magnetotransport properties is observed below the magnetic ordering temperature and it exhibits intimate correlations with the ordering states of both Eu 2+ and Fe 2+ spins as well as the twinned structure in EuFe 2 As 2 crystal. Such correlations lead to giant MR effect around the magnetic phase boundary, e.g., negative MR of ∼26% is observed at 5 K and 1 T upon the reorientation of Eu
In-plane magnetotransport properties of a EuFe 2 As 2 single crystal are investigated by angular-dependent magnetoresistance (MR) measurements. Strong anisotropy in magnetotransport properties is observed below the magnetic ordering temperature and it exhibits intimate correlations with the ordering states of both Eu 2+ and Fe
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spins as well as the twinned structure in EuFe 2 As 2 crystal. Such correlations lead to giant MR effect around the magnetic phase boundary, e.g., negative MR of ∼26% is observed at 5 K and 1 T upon the reorientation of Eu
spins from antiferromagnetic to ferromagnetic configuration. Compared with Eu 2+ moments, Fe 2+ moments with antiferromagnetic arrangement generated relatively weak effect on MR due to its small ordered moment. All obtained MR results can be well understood based on the scenario of superzone boundary effect and the electron scattering by fluctuation of spins and twinning boundaries. It also suggests that the magnetic order state plays an important role for the determination of transport properties through the strong coupling between itinerant electrons and ordered spins. 
I. INTRODUCTION
The discovery of iron pnictide superconductors with transition temperature up to 56 K has attracted extensive interest on their physical properties and thereby the physical mechanism of high-temperature superconductors. 1, 2 The undoped iron pnictides are not superconducting under ambient pressure and show an antiferromagnetic (AFM) spin-density wave (SDW) order. 3, 4 Upon carrier doping or application of static pressure, the magnetic order is suppressed and superconductivity emerges concomitantly. 5, 6 It is believed that the suppression of the AFM SDW order in the undoped compounds is the key to reach high-temperature superconductivity. Among the iron arsenide AFe 2 As 2 (with A = Ba, Ca, or Sr etc.) family, EuFe 2 As 2 stands out as a special system since the a site is occupied by Eu 2+ , which is an S-state rare-earth ion possessing 4f 7 electrons with the total electron spin S = 7/2. Furthermore, the application of an external magnetic field will induce a magnetic phase transition in EuFe 2 As 2 with the Eu moments changing from AFM to FM arrangement, 10 while the AFM SDW order of Fe is found to be robust and it persists in the investigated field range up to 3 T. 11 The superconductivity can be achieved by applying high pressure or doping on any site in EuFe 2 As 2 .
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Given the fact that a large in-plane electronic anisotropy exists in the AFM phase, [22] [23] [24] it is significant to understand the relationship between magnetism and electrical property of iron pnictide system. The magnetoresistance (MR) is a useful probe that can provide insight into the peculiar coupling between the charge carriers and the spin system. [25] [26] [27] In this paper, we show angular-dependent in-plane magnetoresistance (AMR) measurements for a EuFe 2 As 2 single crystal. In-plane electronic anisotropy and the crossover of AMR are clearly observed due to the strong couplings between the itinerant electrons, ordered spins, and twinned lattices.
II. EXPERIMENT
Resistivity (ρ) measurements were performed by using the four-probe method on a high-quality EuFe 2 As 2 single crystal. The current (I) direction was along orthorhombic a/b axis due to existence of twinned structure. Angular dependence of magnetoresistance measurements were carried out at constant temperature by rotating the sample around the c axis in a magnetic field (H) confined in the ab plane [see Fig. 2(a) ]. The angle θ between magnetic field and a/b axis varies from 0 to 360
• . The magnetoresistance is defined as
III. RESULTS AND DISCUSSION
Temperature dependence of zero-field resistivity for EuFe 2 As 2 is shown in Fig. 1 . Two anomalies, associated with structural/SDW transition (T S /T . In order to demonstrate the effect of magnetic field on charge transport in EuFe 2 As 2 crystal, the ρ(T) data measured at 9 T with applied field parallel and perpendicular to current direction are plotted together with zero-field resistivity data in Fig. 1 . It can be seen that the structural/SDW transitions persist at 190 K and almost no magnetoresistance effect is observed above T S . While in low-temperature region, the resistivities measured under 9 T field deviate from zero-field resistivity, which suggests the existence of a considerable magnetoresistance effect. In addition, the ordering temperature of Eu 2+ moments increases to high temperature (∼75 K) as revealed in the temperature derivatives of the resistivity data (top-left inset of Fig. 1 ). It is also noticed that the resistivity differences [ρ Diff = ρ(H = 9 T) − ρ(H = 0 T)] induced by applied magnetic field are quite different for H ||I and H ⊥I , as shown in the bottom-right inset of Fig. 1 . At 2 K, negative in-plane MR is observed with the field parallel to current, while slightly positive in-plane MR exists at 2 K with the field perpendicular to the current. This suggests that the scattering manner of charges is variant with respect to the angle between field and current.
In order to study the effect of applied field on the anisotropy of in-plane MR systematically, we investigated the angular dependence of MR at different temperatures and different fields. A simple sketch of experimental geometry for AMR measurement is given in Fig. 2(a) . Interesting features are clearly observed in AMR(θ ) measurement of EuFe 2 As 2 at 2 K and different applied fields, as shown in Fig. 2(b) . First, the AMR exhibits a twofold symmetry even under a low-magnetic field of 0.2 T. The oscillation of MR with different angles between H and I can be attributed to the anisotropic scattering of charge carriers by magnetic moments. Second, the angular dependence of magnetoresistance becomes complicated around 0.5 T. The polar plot of AMR at 0.5 T exhibits a d-wavelike behavior as shown in Fig. 2(c) . The redistribution of the twinned structure in EuFe 2 As 2 can account for this dwavelike behavior and it will be discussed in the following text. Third, a crossover of AMR is observed with further increase in magnetic field above the critical field of ∼0.7 T. The relative strength of MR between H ||I and H⊥I reverses from this critical field. Moreover, the two-fold symmetry still persists at a high magnetic field region. Indeed, the field-induced spin-flop transition of Eu 2+ spins from AFM to FM at 2 K and ∼0.7 T has been observed by our neutron diffraction study. 11 Therefore, the dramatic change of AMR magnitude around 0.7 T can be considered as the response of the transport property of EuFe 2 As 2 to different spin configurations. AMR results clearly indicate that the charge carriers interact intimately with spins and the interaction between them plays an important role for the AMR of the EuFe 2 As 2 compound.
Besides of spin-charge coupling effect, the influence of twinned structure on AMR results can also not be neglected since twinning boundaries will present as planar defects and conduction electrons can be scattered by these defects. As shown in Ref. 11, the twinned structure will inevitably emerge in the orthorhombic phase of EuFe 2 As 2 and the twinned crystal can be detwinned by applying external field due to spin-lattice coupling. At 2 K, the detwinning process starts at a lower critical field of ∼0.4 T and accomplishes at a higher critical field of ∼0.7 T. A schematic view of the twinned structure in orthorhombic phase without field is shown in Fig. 3(a) . Four different domain patterns are coexisting and the overall structure is still an average tetragonal lattice as revealed by its diffraction patterns. 9, 28 Below the lower critical field of ∼0.4 T, there is almost no change in the twinned structure compared with its zero-field pattern. As an example, AMR at 0.2 T and 2 K is plotted in polar coordinates in Fig. 2(c) . The p-wavelike behavior of AMR can be attributed to the anisotropic scattering of charge carriers by magnetic moments, which also indicates that the twinning boundary scattering has negligible effect on magnetoresistance at the low magnetic field region. Once the field increases above the lower critical field, the twinned crystal will be partially detwinned, i.e., some (0k0) twins overcome domain-wall energy and are realigned to (h00) twins, as illustrated in Fig. 3(b) . The detwinning process will reduce the overall lattice symmetry and the d-wavelike behavior of AMR at 0.5 T reflects the change of twin patterns [ Fig. 2(c) ]. With further increase in field, the crystal will be totally detwinned by the external magnetic field and the twin boundary disappears consequently [see Fig. 3(c) ]. As a result, a 90
• -rotated p-wavelike behavior is observed for AMR at 3 T [see Fig. 2(c) ]. In Fig. 2(d) , θ angle is swept forward and backward during the AMR measurement at 0.5 and 3 T. It is clear that both magnetic moment scattering and twinning boundary scattering processes will lead to the oscillations of MR with different angles between applied field and current. Interestingly, it is noticed that these two scattering processes exhibit different hysteresis behaviors. As evidenced by AMR data obtained at 0.5 T, considerable hysteresis in AMR is observed in θ range between −60
• and 60
• , which indicated that the moment scattering process is dominated in this region. While in θ range between 60
• and 120
• , almost no detectable hysteresis is shown, which indicated that the twin boundary scattering process is dominated. Figure 4 (a) shows in-plane MR at different temperatures with H ||I . It is obvious that the MR exhibits different behaviors in different temperature ranges. At 5 K, MR increases slightly and reach a maximum of ∼3% at 0.3 T, then it exhibits a steplike decrease with further increase of applied field [see Fig. 4(b) ]. The MR value drops down 094504-2 to ∼−26% at the critical field of ∼0.7 T. Note that both slight increase at low field and sudden decrease around the threshold field are only observed for MR measurements below T Eu N = 19 K, whereas the low-field range is featureless when the temperature is greater than T Eu N , as shown in the enlarged view of the low-field range in Fig. 4(b) . Apparently, both features are of spin origin and can be considered as the response of charge transport upon the change of ordering of Eu 2+ spin moments. Yamada et al. 29 have investigated the resistivity of antiferromagnetic metals within the molecular field approximation. The resistivity due to the electron-spin scattering in a localized spin system can be expressed as on the scenario of the superzone boundary effect. 30 Once the antiferromagnetic state is established, the magnetic superzone is generated and creates the energy gap. Consequently, the free-electron Fermi surface is deformed and the charge carrier density is reduced. Whereas in the ferromagnetic state, the superzone effect does not exist. As a result, the electrical resistivity drops sharply accompanied by the transition from antiferromagnetic to ferromagnetic state. In fact, a similar feature of decrease in MR is also observed in some other rare-earth transition metal compounds 31, 32 due to the magnetic phase transition from antiferromagnetic to ferromagnetic state.
Above the critical field H crit , Eu moments align ferromagnetically. It is known that in ferromagnetic system the increase of effective field acting on the localized spins will suppress the spin fluctuations, which will lead to the decrease of magnetoresistance. However, the MR in FM state keep increasing with increasing applied field in our EuFe 2 As 2 case although it still possesses a negative value. Therefore the cyclotron motion of charge carries, which will produce enhancement in resistivity in the presence of applied field, has to be taken into account. 33 The carrier scattering time (τ ) and cyclotron frequency (ω) are two crucial factors in determination of the contribution of cyclotron motion to the change of MR. The carrier scattering time becomes larger at low temperature and the cyclotron frequency is also increased under the application of high magnetic field. Therefore, the contribution arising from cyclotron motion of charger carriers dominate the MR at low temperature and high magnetic fields. As a result, the MR increases linearly above the critical field. By fitting the linear part of MR curve in the high field range, the slope of MR in FM phase is obtained and plotted in Fig. 4(c) as a function of temperature. The gradual decrease of slope indicated that the contribution to MR due to cyclotron motion is largely diminished with increasing temperature.
In Fig. 4(a) , it can also be seen that MR at 9 T increases continuously with increasing temperature from ∼−21% (at • at finite temperature and magnetic field. The logarithmic scale is adopted for the temperature axis of all plots to address the low temperature features. Inset of (a) shows the in-plane magnetic phase diagram for EuFe 2 As 2 . Dotted lines mark the field used for AMR measurement of (a), (b), and (c). Inset of (b) shows the schematic view of the field-induced ferromagnetic spin structure of Eu 2+ moments.
5 K) to ∼−3% (at 50 K), which is in consistent with the fact that the magnitude of Eu FM ordering moment keeps decreasing with increasing temperature. Positive MR is observed once temperature is higher than the Eu ordering temperature (T Eu C ∼ 75 K) at 9 T. As an example, field dependencies of MR at 150 K is plotted in Fig. 4(c) . The small positive value of ∼1.35% is obtained for MR at 9 T. Moreover, MR follows a B 2 dependent behavior [full line in Fig. 4(c) ], which is similar to the MR behavior observed in Ba(Fe 1−x Co x ) 2 As 2 . 34 The MR effect is not detectable once the temperature exceeds the Fe ordering temperature (T Fe N = 190 K). All these results suggests that the positive MR value in the temperature range (∼75 K T ∼190 K) can mainly be attributed to the survival of antiferromagnetic order of Fe. We have already shown that the angular dependence of magnetoresistance can be used as an effective probe for different ordering configurations. However, the AMR in all magnetic phases and the response of AMR to AFM SDW of Fe moments are still not clear. Thus the temperature dependence of AMR under three representative applied fields (0.5, 3, and 9 T) are shown in Fig. 5 . Under 0.5 T, the reverse of AMR clearly marks the transition of Eu spin configuration from AFM to FM at ∼11 K. The AMR effect disappears at T of Eu magnetic sublattice is detected to be ∼60 K, as shown in Fig. 5(b) . At 9 T, the ordering temperature of Eu spins is enhanced to T Eu C ∼ 75 K, while the AMR that originated from Fe AFM SDW order dominates at higher temperature range T Eu C < T < T Fe N . Within the framework of spin fluctuations theory, 29 MR can be expressed as function of magnetic field and magnitude of magnetic moment. Given the fact that the magnitude of Fe moment is much smaller than that of Eu moment, the MR effect caused by interactions between electrons and Fe spins will be less than that of Eu counterpart. It is also noticed that the crossover of AMR evolutes gradually, which may be caused by the remaining order of Eu spins induced by the external magnetic field. Based on AMR results, we can easily determine the phase boundary and construct the in-plane phase diagram of EuFe 2 As 2 as shown in the inset of Fig. 5(a) .
IV. CONCLUSION
In summary, we have systematically studied the in-plane magnetotransport properties of a EuFe 2 As 2 single crystal. Large (>25%) negative MR is observed at low temperature (<5 K) and small magnetic field (<2 T) when the magnetic field is parallel to the current direction and orthorhombic a/b axis. The origin of the anomalous MR effect can be well explained based on spin fluctuations and superzone boundary theories. AMR(θ ) with twofold symmetry is observed for all magnetic ordering states, including the AFM and FM states of Eu as well as the AFM state of Fe. The reversion of AMR takes place upon the magnetic phase transition, which provides a direct evidence of the coupling between itinerant electrons and ordered spins. Besides, the effect of twinned structure on AMR results is also observed, which reveals the existence of charge-lattice coupling.
